Degradation of RNA polymers is a multistep process catalyzed by specific subsets of RNases. In 24 all cases, degradation is completed by exoribonucleases that recycle RNA fragments into 25 nucleotide monophosphate. In γ-proteobacteria, a group of up to eight 3'-5' exoribonucleases 26 have been implicated in RNA degradation. Oligoribonuclease (Orn) is unique among them as its 27 activity is required for clearing short RNA fragments, a function important for cellular fitness. 28 However, the mechanistic basis for this substrate selectivity remained unclear. Here we show 29 that Orn's activity as a general exoribonuclease has been vastly overestimated by demonstrating 30 that the enzyme exhibits a much narrower substrate preference for diribonucleotides. Co-crystal 31 structures of Orn with substrates reveal an active site optimized for diribonucleotides that does 32 not accommodate longer substrates. While other cellular RNases process oligoribonucleotides 33 down to diribonucleotide entities, our functional studies demonstrate that Orn is the one and 34 only diribonucleotidase that completes the final stage of the RNA degradation pathway. 35
Introduction 39
Degradation of RNA is initiated by endonuclease-catalyzed cleavages; the resulting 40 oligoribonucleotide fragments are hydrolyzed to completion by a mixture of exoribonucleases for the 41 maintenance of cellular nucleotide pools 1 . Unlike the conserved machineries for the synthesis of 42 macromolecules, distinct sets of RNases are used by different organisms to degrade these 43 oligoribonucleotides. E. coli genomes encode eight 3'-5' exoribonucleases, namely polynucleotide 44 phosphorylase, RNase II, D, BN, T, PH, R and oligoribonuclease (Orn) 1,2 . A subset of these enzymes 45 recognizes structural features of the RNA substrate, such as in tRNA, while others act on unstructured 46 polymers 3 . 47
As an exoribonuclease, Orn is unique for two reasons. First, orn is required for viability in 48 many γ-proteobacteria, including E. coli 4 and other organisms 5,6 , unlike all other known 3'-5' 49 exoribonucleases. This indicates that not all exoribonucleases have redundant functions despite acting 50 on the 3' end of RNA substrates and in several cases, including RNase R and RNase II, sharing an 51 activity toward oligoribonucleotides 7-10 . Hence, Orn appears to catalyze a particularly important step in 52 RNA turnover. Second, Orn is a key enzyme in bacterial cyclic-di-GMP (c-di-GMP) signaling. The 53 nucleotide second messenger c-di-GMP is produced in bacteria in response to environmental cues and 54 controls a wide range of cellular pathways, including cell adhesion, biofilm formation, and virulence 11-55 a large fluorophore. The products of this reaction were resolved by denaturing polyacrylamide gel 70 electrophoresis, thereby allowing for detection of products with one or more nucleotides removed from 71 the 3' terminus 18,24-27 . In both instances, it was concluded that Orn could processively degrade "short" 72
oligoribonucleotides. Yet it was not clear how Orn might selectively target "short" RNAs, rather than 73 simply binding to the penultimate sequence at the 3' termini of single-stranded RNA of any length. 74
Here, we sought to rigorously examine Orn's substrate preferences, revealing its unique 75 properties. To that end, we incubated Orn with 5' 32 P end-labeled RNAs of varying lengths and 76 analyzed the products of that reaction over time. Our data show that Orn exhibits a surprisingly narrow 77 substrate preference for diribonucleotides. This finding is in stark contrast to the previous studies that 78 described a broader substrate length range and that originally gave oligoribonuclease its name. We 79 sought to understand this remarkable substrate selectivity of Orn by determining the crystal structures 80 of Orn in complex with pGpG and other linear diribonucleotides. These data reveal a structural basis 81 for the diribonucleotide preference and identify key residues for recognizing diribonucleotides. 82 Furthermore, we find that Orn is the only diribonucleotidase in P. aeruginosa. In addition, we show 83 that other diribonucleotides, in addition to pGpG, can affect bacterial physiology. From this we 84 propose a general model of RNA degradation, wherein a combination of exoribonucleases process 85 oligoribonucleotides down to diribonucleotides and Orn completes RNA recycling by cleaving 86 diribonucleotides to nucleoside monophosphates. In this way, Orn occupies an important but discrete 87 step in the overall RNA degradation pathway. 88 89
Results and Discussion

90
Orn functions as a diribonucleotidase in vitro. To understand the length preference of Orn, 91 recombinant affinity-tagged Vibrio cholerae Orn (Orn Vc ) was purified and tested biochemically. We 92 used an established ligand-binding assay 28 to determine the relative substrate affinities of Orn to 5'-93 radiolabeled oligoribonucleotides that ranged from two to seven nucleotides in length. Unlike Cy-94 labeled RNA used in several earlier studies 18,24-27 , radiolabeling with 32 P ensures that the substrate 95 structure is unperturbed compared to native ligands. When spotted on nitrocellulose membranes, 96 protein and protein-substrate complexes are sequestered at the point of application to the membrane, 97
whereas unbound substrate diffuses due to radial capillary action 28 . By this assay, quantification of the 98 diffusion zone reveals that Orn Vc exhibits the highest affinity for diribonucleotide (K d pGpG = 90 -/+ 9 99 nM), as compared to oligoribonucleotides of greater lengths (Table 1) 19 . Increase in the length to three 100 or four residues reduces the affinity 7-or 10-fold, respectively. Substrates with 5 or more bases show a 101 greater than 28-fold reduction in affinity compared to diribonucleotides. These results suggest that Orn 102 has a strong preference for diribonucleotides over any other oligonucleotides. 103
To understand whether the affinity preference reflects nuclease activity with natural substrates 104 that are unmodified at the 5' end, we incubated Orn Vc with 5'-32 P-radiolabeled oligoribonucleotides of 105 varying lengths in the presence of divalent cations that support catalysis. The products of these 106 reactions were resolved by urea-denaturing 20% polyacrylamide gel electrophoresis (PAGE). Under 107 these electrophoresis conditions, the mononucleotides and oligonucleotides that were tested (between 2 108 and 7 nucleotides in length) can be resolved. The diribonucleotide substrate in this experiment was 109 pGpG (GG), whereas the longer oligoribonucleotides included an increasing number of adenine 110 nucleotides at the 5' end. This arrangement ensured that the same GG sequence was maintained at the 111 3' end while also avoiding stable G quadruplex formation that would be observed with RNAs 112 containing stretches of poly-G 29 . At substrate concentrations that far exceed enzyme concentration 113 (200:1) the diribonucleotide substrate was already fully processed to nucleoside monophosphates by 30 114 seconds ( Figure 1A ) 19 . In contrast, longer substrates (i.e., from 3-mers to 7-mers) were not processed at 115 their 3' end, even at 30 minutes ( Figures 1A and 1B) . These results indicate that the length preference 116 for exoribonuclease activity of Orn on diribonucleotides is even greater than mere differences in 117 binding affinities. This strong substrate preference stands in stark contrast to previous studies arguing 118
Orn acts as a general exoribonuclease that cleaves oligoribonucleotides with 2 to 7 residues in 119 length 18, 21, 22, 24, 25 . 120
To determine if Orn can indeed cleave substrates longer than a diribonucleotide, the enzyme 121 was incubated with RNA substrates at a 1:1 molar ratio. Under these conditions, the diribonucleotide 122 substrate was completely processed to nucleoside monophosphates by the earliest time point, 20 123 seconds ( Figure 1C and 1D). Orn Vc also facilitated the degradation of the longer RNA substrates, but 124 only after significantly longer incubation times. For example, it required 10 minutes and 30 minutes to 125 fully degrade 3-mer and 4-mer RNAs, respectively ( Figures 1C and 1D ). Cleavage was reduced further 126 for longer RNAs; only 40-53% of the 5-mer, 6-mer and 7-mer RNAs were processed to nucleoside 127 monophosphates at 30 minutes ( Figures 1C and 1D) , correlating with the weak affinities determined 128 for these substrates (Table 1) Orn Vc 6 and the human REXO2 (also known as small fragment nuclease or Sfn 30 ), bound to the 140 diribonucleotide pGpG (Table S1 ; Figures 2A and 2B ). Superimposing the two structures indicates 141 their identical fold (rmsd of 0.75Å for the protomer; Figure S1A ), which is preserved in the substrate-142 free Orn structure determined previously (rmsd of 0.54Å for the protomer; Figure S1A inhibitor for E. coli Orn and the human REXO2 24 . However, the oligo-cytosine RNAs used in these 185 prior studies were labeled at their 5' end with a bulky fluorescent dye moiety (usually a cyanine or Cy-186 dye) 18,24 ; our aggregate data now indicate that these RNAs represent suboptimal substrates for Orn, 187
given its stark requirement for a simple 5' phosphate cap ( Figure 2 ). This labeling strategy is therefore 188 likely to incompletely assess native Orn activity by underestimating diribonucleotidase activity while 189 also overestimating the effect of competitive inhibitors. Revisiting pAp binding to Orn, we show here 190 that Orn Vc does not interact with radiolabeled pAp in the binding assay that was used to quantify 191 oligoribonucleotide interactions with Orn ( Figure S3 ). Furthermore, unlabeled pAp failed to 192 competitively inhibit degradation of radiolabeled pGpG to GMP ( Figure S3 ). 193
194
Orn is the only diribonucleotidase in P. aeruginosa. All available literature assumes Orn is a 3'-5' 195 exoribonuclease that is responsible for processing of short (between 2-7) oligoribonucleotides. Yet our 196 structural and biochemical data suggest that the enzyme exhibits such a striking preference for 197 diribonucleotide substrates that the in vivo function of Orn as a general exoribonuclease should be 198 reconsidered. Therefore, we developed experimental conditions to measure Orn's activity in cellular 199 extracts. The orn gene is required for viability in most γ-proteobacteria, including Vibrio cholerae; 200 however, it is not essential for growth of P. aeruginosa under most conditions 18, 19 . Therefore, lysates 201 were generated from P. aeruginosa strains, including parental PA14, ∆orn, and ∆orn complemented 202 with orn Vc . 5'-32 P-radiolabeled 2-mer or 7-mer RNA was then added to each of these lysates ( Figure 5 ). 203
Aliquots of the mixtures were removed and analyzed by urea denaturing 20% PAGE at varying time 204 intervals. Extracts from parental PA14 digested the entire radiolabeled diribonucleotide in less than 5 205 minutes ( Figure 5A ). In contrast, lysates from strains lacking Orn failed to show any signs of 206 diribonucleotidase activity even at longer time points. Diribonucleotidase activity in the lysates could 207 be restored by ectopic expression of orn from a self-replicating plasmid or by addition of purified Orn 208 ( Figure 5A ). These data confirm that cellular Orn is required for degrading diribonucleotides and no 209 other cellular RNase of P. aeruginosa can substitute for Orn activity. Figure 5B ). Together, these results show that P. aeruginosa 219 accumulates a bottleneck of diribonucleotide intermediates in a ∆orn background, which is only 220 resolved upon addition of Orn. Degradation of RNA fragments with 3 or more residues by Orn is 221 negligible in a cellular context, considering that ∆orn lysates preserve nuclease activities for the 222 processing of RNAs down to diribonucleotides. From these aggregate data we propose that Orn 223 functions not as an oligoribonuclease as stated in the literature but instead functions as a specialized 224 ribonuclease of diribonucleotide substrates (i.e., a 'diribonucleotidase'). 225
226
The diribonucleotide pool affects P. aeruginosa growth in addition to c-di-GMP. We noticed that 227 PA14 ∆orn had reduced growth on agar plates that is reminiscent of a small colony variant (SCV) 228 phenotype ( Figure 6 ) 36 . The SCV phenotype has been attributed previously to increased c-di-GMP 229 levels 37 . C-di-GMP binds to FleQ and activates transcription of the pel operon 38,39 . In addition, c-di-230 GMP binds to the c-di-GMP-receptor PelD to increase the biosynthesis of the pel exopolysaccharide 40 , 231 which enhances cell aggregation leading to a compact SCV morphology. Previous reports had shown 232 that P. aeruginosa ∆orn is unable to clear pGpG, which results in the elevation of c-di-GMP signaling 233 and pel-dependent cell aggregation and biofilm mass 18, 19 . 234
To determine whether the functional impact of diribonucleotide build-up is due specifically to 235 an increased pGpG level and its effect on c-di-GMP, we asked whether the SCV formation in the ∆orn 236 mutant is dependent on c-di-GMP processes. First, we confirmed that SCV formation in PA14 can be 237 induced by elevated c-di-GMP levels through overexpression of diguanylate cyclases, such as PA1107, 238 PA1120 and WspR ( Figure 6A ) 37,41-43 . As expected, the effect of c-di-GMP is due to increased 239 production of the pel exopolysaccharide and biofilm formation since the PA14 ∆pelA mutant 240 maintained normal colony morphology even when these diguanylate cyclases were overexpressed 241 ( Figure 6A ). To determine whether the increase in the pool of pGpG and c-di-GMP is the only reason 242 for small-colony growth in the ∆orn mutant, a ∆orn ∆pel double mutant was tested. When ∆orn ∆pel 243 was grown on agar, it also had an apparent SCV phenotype ( Figure 6B ). Complementation of ∆orn and 244 ∆orn ∆pel with active alleles of orn restored normal colony morphology, whereas inactive orn alleles failed to complement ( Figure S4 ). In every case, the colony morphology was the same between ∆orn 246 and ∆orn ∆pel indicating a second pathway that can restrict colony growth, but in this case 247 independent of pel and c-di-GMP. These results indicate that increased pools of one or more of the 248 diribonucleotides function to cause small-colony growth in ∆orn in addition to the actions of pGpG on 249 c-di-GMP signaling. 250 251
Conclusion 252
Orn is unique amongst exoribonucleases because it is essential in some γ-proteobacteria and is 253 required to degrade the pGpG intermediate in c-di-GMP signaling. Yet the molecular and structural 254 requirements for Orn were unknown. Our studies reveal that Orn is a dedicated diribonucleotidase in 255
cells. This appears to be driven by a catalytic site that is restricted by a cap that mediates multiple 256 interactions with the 5' phosphate of diribonucleotide substrates. This constriction prevents longer 257 substrates from binding with high affinity, rendering them poor substrates for catalytic cleavage. The 258 discovery that Orn acts as a dedicated diribonucleotidase indicates that this activity clears a specific 259 diribonucleotide bottleneck in global RNA degradation (Figure 7) . Prior studies have shown that orn 260 depletion can lead to accumulation of diribonucleotides and longer oligoribonucleotides in some 261 cellular backgrounds 4 . The increase in oligoribonucleotides longer than dimers in cells may occur 262 through feedback inhibition of other enzymes in the RNA degradation pathway, in analogy to the 263 impact of pGpG on c-di-GMP-degrading phosphodiesterases and c-di-GMP signaling 18, 19 . Whether the 264 effect of diribonucleotides on essentiality is due to general processes such as RNA degradation, altered 265 transcription 44 , specific interactions with essential proteins, or a combination of these remains to be 266 evaluated in this context. Our studies therefore reveal a key step in RNA degradation, the enzymatic 267 cleavage of diribonucleotides into mononucleotides, and set the stage to address how diribonucleotide 268 accumulation is detrimental to cell survival. CaCl 2 ) were mixed with radiolabeled nucleotides, applied to nitrocellulose sheets, dried, imaged and 360 K D values were calculated as described previously 28, 50 . for REXO2 refers to its cytosolic isoform lacking the mitochondria-targeting pre-sequence. 408
The sequence logos in (D) were constructed based on multi-sequence alignments of Orn and 409
RNase T orthologs. Overall sequence identity ranges from 43-70% for Orn and 46-69% for 410
RNase T. Sequence identifiers are provided in 1 and S2B) . Orn Vc cleaves all diribonucleotides. (A) 432
Orn Vc (5nM) was incubated with di-purine (pRpR), purine-pyrimidine (pRpY or pYpR), or di-433 pyrimidine (pYpY) diribonucleotides (1 µM) containing the corresponding 32 P-labeled RNA 434
tracer. Aliquots of each reaction were stopped at the indicated times, and assessed by urea-435 denaturing 20% polyacrylamide gel electrophoresis. (B) Quantification of the intensities of 436 bands corresponding to the amount of diribonucleotide cleaved at the 10 min timepoint. 437
Results are the average and SD of duplicate independent experiments. Orn cleaves all 438 diribonucleotides to nucleoside monosphosphates, albeit to varying extents. 439
Diribonucleotides consisting of two purines (pRpR) were hydrolyzed most efficiently, with 440 over 90% of starting RNAs processed by 10 minutes. A majority (>75%) of diribonucleotides 441 with a 5' purine (pRpY) were also processed by the 10-minute endpoint. However, 442
diribonucleotides with a 5' pyrimidines exhibited moderately reduced levels of cleavage. Di-443 pyrimidine (pYpY) substrates, and in particular pUpC and pCpC, showed the slowest turnover 444 from the substrates tested. These results demonstrate that while all diribonucleotides are 445 acceptable substrates for Orn, the enzyme is likely to exhibit moderate preferences for 446 diribonucleotides that contain a 5' purine. (GG) linear diribonucleotide is also produced by linearization of c-di-GMP by specific 476 phosphodiesterases, EAL-and HD-GYP-domain-containing enzymes, which terminate c-di-477 GMP signaling. In Pseudomonas aeruginosa and likely other organism that rely on Orn for 478 growth, Orn is the only diribonucleotidase that cleaves diribonucleotides to mononucleotides. 479
In the absence of Orn, diribonucleotides accumulate with a drastic impact on cellular 480 physiology, ranging from transcriptional changes, small-colony phenotypes and growth arrest, 481
depending on the organism. Orn is also unique because it acts as the second cultures were diluted, 10 µL was spotted on LB agar plates with the indicated concentration of 539 IPTG and drip to form parallel lines of bacteria. After overnight incubation, representative 540
images of the plates were taken of PA14 ∆orn and PA14 ∆orn ∆pelA-G with pMMB alone or 541
containing the indicated allele of orn. Experiments were performed in triplicate. 542 543
